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PHYSICAL MECHANISM OF THE LOWER-HYBRID-DRIFT INSTABILITY
IN A COLLISIONAL PLASMA

I. ENTRODUCTTON

‘l)urin;; the past several vears, hivh-trogquency radar backscatter experi-
ments have revealed a spectrum ot short-wave lenpgth (iae., below the jon
syroradiusg) irrepularitics during cquatorial spread FO(ESF).  Radar back-
scatter obscervations at 50 Mz, 155 Mz and 415 MHz indicate density flue-
tuations exist with scale sizes o 3wy, Iy, and 36 cm, respectively [FARLEY
et al., 1970; WOODMAN md LAHOZ, 19760 cosiy and KELLEY, 1978a,b; HUBA ¢t
al., 1978;. Most recently, TSUNODY (1980) has observed radar backscatter
from 11 cm (1320 Miz) irrcepularitices during cquatorial spread toat high
altitudes, using the TRADEX radar.  These obscrvations were part ot o coor-
dinated Defense Nuclear Agency campalign at Rwajalein to study ionospheric
irrcgularitices during cquatorial spread F.ooo Sharp density gradients were
obscrved during this campaipyn (M. Co KELLEY, private communication, 1980)
and have been observed during past cquatorial spread Foovents (COSTA and
KELLEY, 1978a,b). The scale lengths of these gradients range from tens of
meters to several hundred meters and are presumably due to primary Jonger
wavelength instabilities such as the Rayvleigh-Taylor instability. Since the

~ 5m, it is tound that r, /L . 0.2 where L

tvpical ion gyroradius is r Lilty
- . n

L.i
is the density gradient scale length.

Based upon the above cevidence, it has been suggestoed that various drift
instabililtics arv responsible for the short wavelength irvegularitios [HUBA
et oal., 1978: COSTA and KELLEY, 1978a,b; HUBA and O$SAKOW, 1978a.,b,
depending upon the wevelength obscerved.  Although collisionless dritt waves
would casily be cxeited under these circumstances, collisional effects play
an dmportant role in the instabilitics investigated thus tar [HUBA anc

OSOAKOW, 1979a,b; SPERLING and GOLDMAN, 1980, Specifically, the lower-

bebrid=dritt instability is the prime candidate to explain the Tm, 36 cm and

Manuserpt submitted November 10, 19580,
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11 cm irregularities. Recent research has indicated that ion collisions
(i.ue., ion-ion) are necessary for the destabilization of the mode during
cquatorial spread F [HUBA et al., 1978; HUBA and OSSAKOW, 1979a;. On the
vther hand, electron collisions (i.e., clectron-jon, electron-electron,
clectron-neutral) are a stabilizing influence and place a threshold condition
on the gradient scale length necessary to excite the instability [HUBA and
USSAKOW, 1979a, 1980; SPERLING and GOLDMAN, 1980]. The analysis of these i
collisional effects are fairly complex and, to some degree, obscure the
underlying physics involved. The purpose of this paper is to present a

simple discussion of the lower-hybrid-drift instability which elucidates the

physical mechanism of the mode and the effects of collisions. For pudagogical
purpuscs we consider an over-simplified model of the ionospheric plasma.
Thus, the results presented (e.g., growth rates, threshold conditions) are

not quantitatively accurate but are of a "back-of-the envelope" nature.
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I'l.  THEORY

Ao Equilibrium and Assumptions

We consider a plasma immersed in o homogencous, unidirectional

magnetic field B = Béy with an inhomogencous density profile n = no(x) as
shown in Fig. la. For simplicity we choosce 'l‘i = constant and TC = 0. The
influence of finite clectron temperature effects is discussed in Section JII.
The equilibrium drift is V = Vdi éy where Vdi = (cTi/cB) aﬂgno/ux is the
ion diamagnetic drift velocity. This drift provides the free energy to drive
the instability. We point out that Vdi e vy for ionospheric spread I' con-
ditions (here, Vi is the ion thermal velocity). Collisions are neglected in
the equilibrium configuration since we are interested in time scales much
shorter than the diffusion time. In the stability analysis we assume that
perturbed quantities vary as exp [i (ky - wt)]. That is, we consider flute
perturbations so that k « B = 0. We consider clectrostatic oscillations
since £ << 1 and make use of the local approximation which requires k Ln >0 1
where Ln = (QJnO/Ox).’l Also, we assume that o << “e 30 the electrons are
strongly magnetized. Finally, we assume that the ions bchave as unmagnetized
particles which is crucial to the instability. The ions have an equilibrium
distribution function which can be described by

1 3 / 2
. = — N - 2 - 2 + 2 J
v exp (vX + (vy Vdi) v, )/v.L (1)

B. Collisionless Plasma
It is worthwhile to first discuss the physics of the lower-hybrid-
dritt instability in collisionless plasmas before introducing collisional

ctfrects.  The assumption of unmagnetized ions is justifiable for time scales

< s l&‘
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Fig. 1 — Equilibrium and electron dynamics in the wave field. (la) Slab geometry
and cquilibrium configuration. (1b) Electron motion in the wave field S K. Here,
4 Vi is the ExB drift, 5 Vp is the polarization drift and S F 15 the foree on electrons
due to collisions.




much smaller than an ion gyvroperiod (1.e.,

C where o= w + iy and
L

is the ion cvelotron period).  Thus.o the fons have straipght line orbits on
this time scales Morcover, we consider waves such that . kv, so that
i

the fons are adiabatic (i.e., “vni/n ~=¢;/T.). The electrons, on the other
O L

hand, arce stroagly magnetized and exccute an oscillatory EuB drift (2V,. =

L
cal/B) and g polarization dritt (,‘Vl S (/B )y B/ o) as shown in Fig. b,
) t
The above cquilibriuam gives rise to a dritt wave
= kV /(1 + k' - 2
® v dl/( Ces ) (2)

which propagates across the magnetic ficld in the divection of the ion dia-
magnetic drift (where o < = (7 ./m )/ 9).
oS [T e
This drift wave can become unstable because of inverse ion Landau

damping. That is, the wave can absorb encrgy from 4 group of ions moving

in phasce with the wave. This can be scen by noting that

W+ W =0 )

' . _ _ .
where'W  and W are the time rates of change of the wave energy density and
W )

particle enerygy density, respectively.  Now,

W o 4)
and
. JF,
W= ey 0 i )
pi VooV i
v =
y y K
s0 that
alk,
iy )V—“—)- (6)
Vv - k

L - : : - e e MR e
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Since ~,1310/ ,\,y Sd tor e~k vdi (trom Fgs. (1) and (2)) we obtain o po.itiv

growth rate (i.c., y » 0). The growth rate is given by

Note that for k'n - << i that y « k' while for k', - «o lthat , « k=%,
[S3-) U

trowth is a maximum for k ¢ ~ 1. Since we require - oy for the fons to
es

be unmagnetized, a threshold is placed on the diamagnetic drift (or density

/v, = (n /m,) " or
i ¢

sradient scale length) which is roughly given by \’d.
’ i
1
; [N . . .
L /r, . < (m,/m )" wherce r“ is the mean ion Larmor radius.
i i’

C. Collisional Plasma

L. lon Collisions (ilon-ion)

As just noted, a threshold condition exists on the density
sradient scale length to excite the mode in collisionless plasmas.  tor
ionuspheric dontions, the threshold is approximately Ln < 30m which repre-
sents a very sharp density gradient.  Such sharp gradients are rarvely obscerved
LCOSTA AND KELLEY, 1978a 5. Superficiallv, this would appear to limit the
applicability of this mode to spread F; however, the role of ion-ion collisions
alters the threshold condition. In the spirit orf the paper, woe simply describ

how lon-ion collisions influence the instability rather than present a

mathematical analvsis. A detailed derivation can be tound elscwhere (HUBA
and USSAROW, 19/79a).

In order to excite the instability fons must be in rosemine
with a drift wave propagating perpendicular to the magnetics  Clearly i1 ti
fons are mapnetized, they are tied to the ticld Tines and cannot move across

the tivld., However, ion-ion collisions provide a mechanism that allows ifons

Lo move across mavnetic ficld Tines. fhat is, ions can diffuse o distance
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wave lenoth then tae on' e o ctbayie bl bo b ad e don
behave aus unmagneticed parcio oo the don demapnc tization condition. iy
[
ii
- Koro 1 (&)
o i~
i
Since maximum growth ocours tor k. o~ b, we require o /00w fu o~ 10
s it i ool

for instability to oceur in an 0 plaswma. bhgquation (8) is casily satisticd
for typical spread F condicions,

2. Flectron Collisions (clectron-ion, ofcetron-ueutral,
electron-viectron)

In collisionless plasmas, the onlv enerpy exchiangae veeurs
butween the wave and the resonant ions since the electrons are nonresonant.
However, electron collisions introduce additional dissipation which moditics
Eq. (5). As noted carlicr, clectrons execute an oscillatory ExB and polari-
zation dritt motion duce to the wave tield (Figo 1b).  The polarization drire
is roughly given by oV~ (/i) \\’1_ which for the waves in question implics

p © o

:\Vp OVI" Thus, the dominant clectron motion is the ExB drift. Because

ol collisions, a force is exerted on the cvlectrons; approximately given by

s~ —m oy \SV" where v contains e-v, e~i and e-n collisions. The rate of
el o

¢ ee’ i
3 . M i “ ~ .
energy absorption by the clectrons is roughly W ~ =S e v B s The
- pe ~ ~ o
total change in particle encrpy is
i
° 1o L
W o= fv. o + sk (9)
[) V /Iv _ N [
) y V . - 1
Y 1S
Woe obtain trom g. (3) and ()
7
e AR g Do g
2. RV O P RO " VRS rus. B

Lt
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Thus, resonant lons give eneryy to the wave while clectrons absorb cneryy
from the wave because of collisions.  lastability occurs when ;- 0 which

requires (approximately)

Y v -
di :
R o
1 i
or
lv
kvi 2
Ln rLJ'. ) (12)

oo




ITI. DISCUSSION

Our purpose has been to give a phvsical discussion of the

drift instability. This instability is presently the most promiuing o:) fana-
tion of small-scale irregularities (& 1 m) observed during equatorial spread
F. The key features of the mode are:
1. The instability excites a drift wave propagating across the
magnetic field.
2. The wave is driven by the free energy provided by the density
gradient and the energy exchange occurs via an ion-wave
resonance.
3. For an ion-wave resonance to occur the ions must be able to move
across the magnetic field. This is possible under two conditions:
a. In a collisionless plasma, one considers time scales such that
y > Qi.
b. In a collisional plasma, ion-ion collisions allow the ions
to move across the magnetic field. The condition is
(\)ii/Qi)k2rLi2 2 1.
4. Electron collisions allow the electrons to absorb energy from
the wave and therefore provide a damping mechanism.
5. An approximate threshold condition for instability is:

a. Collisionless plasma

1/
3
L < I‘I. (m./m)

b. Collisional plasma

1.
. ]
Ln < L (hvi/Ve)

Tower-hvbrid-

bt 2k




Finally, we mention that inclusion of finite electron temperature effects
introduces (i) finite electron Larmor radius effects which modify the disper-
sion properties of the mode and (ii) an electron diamagnetic drift which
increases the free energy of the initial equilibrium.
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